
-AI9 95 TOMRRDS FULLY ABSTRACT SEMANTICS FOR LOCAL VARIABLES- 1/1
- PRELIMINARY REPORT (U) MASSACHUSETTS INST OF TECH

CAMBRIDGE LAD FOR COMPUTER SCIENCE A R MEYER ET AL
UNCLASSIFIED NOV 87 MIT/LCS/TM-344 N04f14-83-K-t25 F/G 12/5 UL

llllllllmol

EuEEE hhi



.-

-'V

13

44

J.2.0

Vt.

--

%

Vp 1111 1. , .

we.

MIRCPYRSWTO U: HR

* Vp* • • • • • •



UPCI F1 LE WP
l FL oMASSACHUSETTS

LABORATORY FOR INSTITUTE OF
COMPUTER SCIENCE TECHNOLOGY

MIT/LCS/TM-344

CD

TOWARDS FULLY ABSTRACT
SEMANTICS FOR LOCAL

VARIABLES:
0 PRELIMINARY REPORT

Albert R. Meyer

Kurt Sieber DTIC
qi.. MAR 0 71988 4

H

0 November 1987

00
5,15 TECHNOLOGY SQUARE. CAMBRIDGE. MASSACHUSETTS 02139

DISTBIBUTION STATMENT A

Approved for. pblic , 8 8 1 198
Distribution Uniimited



V: .1' Ilassified
%ECURITY CLASSIFICATION OF THIS PAGE

REPORT DOCUMENTATION PAGE
la REPORT SECURITY CLASSIFICATION 1b RESTRICTIVE MARKINGS

TIC Unlassif ied lbRSRCI6 AIIG
, 2a SECURITY CLASSIFICATION AUTHORITY 3 DISTRIBUTION/AVAILABILITY OF REPORT

b L I NO R G EApproved for public release; distribution= i 2b DECLAS.~FCATiQNWDOWNGRADING SCHEDULE

is unlimited.

4 PERORMING ORGANIZATION REPORT NUMBER(S) 5 MONITORING ORGANIZATION REPORT NUMBER(S)

S ,CS! ',1-344 N00014-83-K-OI 25

Sa NAME OF PERFORMING ORGANIZATION 6o OFFICE SYMBOL 7a NAME OF MONITORING ORGANIZATION

eE Librraorv or Conputer (It applicable) Office of Naval Research/Department of Navy

b(. ,DRESS (City, State, and ZIPCode) 7b ADDRESS(City, State, and ZIP Code)

5'Y5 [e ~i;' square Information Systems Program

i: -ridge, IA 02139 Arling:ton, VA 22217

8a NAME OF FUNDING, SPONSORING 8b OFFICE SYMBOL 9 PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER

ORGANIZATION (It applicable)

[I.\RA A/DOD

8c. ADDRESS (City, State, and ZIP Code) 10 SOURCE OF FUNDING NUMBERS
140o Vilson Blvd. PROGRAM PROJECT TASK WORK UNIT
Arl ington, VA 22217 ELEMENT NO NO NO ACCESSION NO

11 TITLE (Include Security Classification)

- Toa rds Fullyv Abstract Semantics for Local Variables: Preliminary Report

" 12 PERSONAL AUTHOR(S)

-'. -ever. Albert R. and Sieber. Kurt
* 13a TYPE OF REPORT 13b TIME COVERED 114 DATE OF REPORT (Year. Month, Day) 15 PAGE COUNT

2.' 1ia I FROM TO 1987 November 16

16 SUPPLEMENTARY NOTATION

17 COSATI CODES 18 SUBJECT TERMS (Continue on reverse of necessary and identify by block number).

;ELD GROUP SUB-GROUP "languages, Se-mantics, Logic, Correctness, ALGOL-like,
block structure, stack discipline, cpo's, functors

19 ABSTRACT (Continue on reverse if necessary and identify by block number)

:'he Store Model of Halpern-Neyer-Trakhtenbrot is shown--after suitable repair--to be

t-1llv abstract model for a limited fragment ot ALGOl. in which procedures do not take

. pr , ure parai:wters. A simple counter-example involving a parameter of program type shows

"i t at e i::edel is not fully abstract in general. Previous proof systems for reasoning

'fN A-. t procedures are typically sound for the ILMT store model, so it follows that theorems

,]a<,It the counter-example are independent of such proof systems. Based on a generalization

4 At . li1(ard cpo based models to structures called locally complete partial orders (lcps's),

Tv, -,Flduls and stronger proof rules are developed to handle such examples.

*' 20 D,%,PIIU'iON, AVAILABILITY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION

-U INCL,\SSIIF-D/UNLIMiTED C SAME AS RPT 0 DTIC USERS Unclassified

-' ,2s NAME o RFSPONSIBLE INDIVIDUAL 22b TELEPHONE (Include Area Code)22 OFFICE SYMBOL

ludy IL ittIe. Publications Coordinator (617) 253-5894
DO FORM 1473. Ba MAR 83 APR edition may be used until exhausted, SECURITY CLASSIFICATION OF THIS PAGE

, All other editions are obsolete E

a',U& Oewm tb Owg 0 m: 111111-411111447

Unc lassi fied
I

. !~~~~~~ ~~ ... %,> . -. " . . 7 .. k%- .



Towards Fully Abstract Semantics for Local
Variables:

Preliminary Report

Albert R. Mey~er Kurt Sieber
MIT Laboratory for Comipvter Scieit

Abstract. The Store MJodel of Halper-\J.ever-Traiklitenblrot is shown -after suitablc
re'pair to be a fully- abstract model for a limited fragment of ALGOL in which procedures
(1o not take procedure parameters. .A simple counter-examiple involving a paramneter of
pr)Yrani type shows that the model is not fully abstract in general. Previous proof systems
for reasoning about procedures are typically sound for the HMT store model, so it follows
that theorems about the counter-example are independent of such proof systems. Basedl on

a generalization of standard cpo based models to structures called locally copt parta

ordler, (cpo s), improved models and stronger proof rules are developed to handle such
examp~les.

CR C'ategories and Subject Descriptors: D.3.1 [Programiming Languages]: Formal Def-
initions and Thcory-syntax, semanti: F.3.1 [Logics and Meanings of Programis]:
Specifying and Verifying and Reasoning about Programs--data type specificati'onm,. programt
eqttivalence: F.3.3 [Logics and Meanings of Programs]: Studies of Program Constructs.

General Terms: Languages, Semantic-;, Logic. Correct ness

Additional I ey Words and Phrases: A[,c.01.-like, blo-ck structure. stack discipline, cpo's,

6'[his T'chnical Memiorandumi will appear in thle Proceedings of the 15 h Anniual ACM Symnposiulm onl
Priicriples of Programmiiing Languages, January. 1988.
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1 Introduction

Some unexpected problems in the semantics and logic of block-structured local variable,
have been identified by Halpern. Meyer, and Trakhtenbrot [10.28]. The usual cpo based

models for stores and programs do not satisfactorily model the stack discipline, of 1l,,k-

in ALGOL-like languages. The simplest example involves a trivial block which call ;,

paramneterless procedure identifier P.

Example I The block below is replaceable simply by the call P.

beginI€ new x;

P: % P is declared elsewhere
: end

It is easy to argue informally that the block in Example 1 acts the same as P. Namely.
since ALGOL-like languages mandate static scope for local variables, it follows that P has
no access to the local variable x, so allocating x and then deallocating it if and when the
call to P returns, can have no influence on the call to P.

A similar, slightly more interesting example illustates some of the features of the "'pure-
ALGOL-like dialect we consider here.

Example 2 The block below always diverges.

begin
new a':

' : 0;
' P1. 6 P is declared elsewhere

4,. 'if contents(a) = 0 then diverge fl
* end

Ta v *ify Example 2. we note that the definition of ALGOL-like languages in [10.28] ijilli,'s
that the call of P has side-effects on the store only. viz.. no input/output effects. and 71o

qOto',R or other transfers of control. This is essentially the saxia' language Reyno('lds Ilis
ca lled the "',ssence of ALGOL '22] without goto's or jumips . hI particu lar, the only ,v;, v
the call of P in the block can fail to return is by diverging. If tim call (loes retniii. thie

ice tihe c ntfeits of .r equals zer) iixme(ediately l)efore tlhe call. static scope agaiii ml ]:-

"b that the contents will still be zero when the call returns, so the coinditional test will si''cecil
,';,using dive'rgence in any case.

4 '3
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Note that these arguments imiplicitly presuppose that P is a call to a declared procedure.
That is. tlhe argumnents really show that if C'[-] is any closed AL;OL-likc prorain context

-l 1(!1 tlat is it "'hol.' within ti scope (of a declarati , of P. then C'[B lock 1] ha, ,xactl
in" th s;,III, ieff'ct oil the store as CPj. and likewise C[Block 2o has exact1- tlic sailie (If*,,t

e , .\'a that thw blhck ill Exaiiple 1 ail P are (o),4,lh'(lti(,,l!./ (,,)/T1,'/t

'vIr Al., ) l-k, contexts: likowise tHie block inI Exaile1,. 2 1, ,,,rvatinallv (,rilr1it to

01 the ()t he-r hd.if P was a call of all independently ct'ldnpiled Id~ay progiaiii1
rVV~ even I On. ritrriuallv writtei- in Al.'o[. which did not s ,inire the inemnoiV ymann geifleit
,i:o ha tuiii n of thle A LGOL complliler tisedl ()ii Blocks 1 aiidi( 2. t her thli call mighlt detec-t

(-It~so the( stack of variables like x. and might eveni alter the contents of stack variables.
niakiniii thte behiavior of the blocks unpredlictable. ThuIs, We have 7tof sho-wn that thie Block I
is 'qC11a -tically equivalent to P, even when the values of P r-ange only over ALGOL-like
pro cedlures.

Indeed, thle congruences of Examples 1 and 2 are not semnantical equivalences in the stan-
(lard clenotatioinal semantics for ALG;OL-like languages using "marked** stores [12.9]. Ill
such'l seiantics. Block 1 and P are only equivalent onl stores ili which the locations *'ac-
cessible" to P are correctly marked ats in use, but certainly not onl incorrectly ni-iarked

The p~rob~lemi -which motivates this paper is to provide mathematical justification for the
imipirmial but co~nvincing proofs of observational congruences like the two above. Following

10.we approach the problem by trying to construct semanitical models of ALGOL-like
laitnauc-(s in wich seniantical equivalence is a good guide to, observational congruence.
Ani idleal situation occurs w~hen the mathematical semantics is frilly abstract. i.c., semani-
TICce(iilivalerlce coi'ncides with observational congruence. Howvever, experience Ii domain
liu t)ry si iggests that full abstraction is hard to achieve and mnay not even be appropriate
'1.13]. Indeed, if the programming language inl question suffers design weaknesses. it may-
hte ii(ccessarv to modify tihe language des ilgn to mnatchi a clean semantics: thils is anl impor-

* rant mm1-ierg of 2'j[ for example. In tis paper we describe several scmmmaiitical mlodels
4t Ii icl '' fi llyv ab stract for- vario us ALGO. -likesubla iaIges, bhough not fort the fuill ranlev

of ,\ (ri-ikefeaturles.

Ill t11i- pm iliiliary pap er, we omnit a precise clefiuiitioij of frill sv'itax and featuires of A [G01.-

li>" Ia lIMIO"ra ~s. exYpect iig that thle examples 1below. wi1 1be fa irly clear Nvi I iout formnal (lefilmi --
r a I. It 1, I ielpfd i ts explained Ii [.5.22,28,.10.191. to reg~ard the *'true" syntax oif Ai' ; li,-like

as time ,imply ty'ped A-calculus over the b~ase types '* 7 i

Lo~c. Vaul, Lorri-p. Var(,- 7). Proq

00

_ _
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I iowin iienor'Y locatzo a ,. -;t rable value,, locat ion tiink S. \.a ltw t ma l> ii

-111 ha-~ti jR, tl~edi point. coiiditionalI. Fi. d --t licr (()IliI nato s S It ; 1:-,,

ii, A. ) L -lIIke pir '~ie conlt ri :ctors siiclh - I n ilniei It, or C InaI I l( ,1
*'. rt !L A t' Cu[)i (Eal cts i- icrc the si, I I p htdl I"re tvpvi -'o Fill (ia~lill( -1 ~ I X 1'

et":rn 1,()t!iin12. and, exclude p -- tztters Of type Locxi wni V.*; I

2"The Usual Cpo Based Models

h ~ ~ ~ ~ ~ - iimst Ile(1Lt~tOf(l/ C it .~ " 11.c.., 1i2Acc \Wl. -T:

-w eiIi it ics opy -lI t ill t latk ;ii I A [,, 1. uvn- th it 1c1)1 p 1- it I .
t-i..%.tiv dtitre(I jrogi;tll hlltwk- "v ;Iultquiltc seillilitic- . 1"',~it

it" s (,.Ivat ioinal conrinence. Tie uiseia cpt- based modeales atre sitt iwatolry ill

p *i X 1:11ti i typ ical (4)0 1 )a, td(i*iiarke( store- model t ake, Htil I ase tpe rejlr('lT Ill,-
atiTo, be Loc -i heHt Tpo over a it ahI d infinlite set Loc, a 11( t l 2e oty~ o f

v~I ie vat ts to be I/al-L for sonic sfet V al. Let Storr = ( Lot. 24 Vol) x 'Psn Lo( i,% ity

* ~~~ - ] icc h set of al' total sct-itheoretic functions from set A to set D. and( P,j A I
1-l- set of all finite suiset s of .4. Ih n, ot o is that when (c. ii1m tr )tI

Lm-c denlotes tie marked location.,i and1( 6(1) E Val gives the contclits )f' ii c t ii l

-1,( I~e ase Type Valearp of valiue- thunks bel initerpereted as Stores q Val,. pjit lix
- a:. .!w'se: similarl for the base - t\ p JoccrI). Let thle b ase type Proq of protr, iii-

* ti ~ <1re.Stn. where 1cliotes the ctt of aill set- theoretic partial fluiictioii- 1talrlt;1l\

1 11 an r containment. Each of these base types, is IIA eW a Cjpo. and we ilit ul; 1 1. Tdel
lr'( finict onal types by Taking the conhi eau fit r ons,. Then we ma~i v stun inii a n/c

:1 1ahicoty(1ClisC15io1i bv:

li:,'orem 1 Pit, ,rmarkcd 4biitq ( popa lust ti mit I fuir tfi A1, ii;N io nemw~eiii

* <ilb Ili 7nqu aq9 e ll l~dA" call" //ti -C .i.o'~i of A I( 1,( 0 V,- I~ h f .? (ItI o
* .(-'1 JpolIf~nt711Y~l adcqiiot 60i~ vot fil~ ob.4trart.

I 'l 1-10,ltt if local ifr 1(A tlie s Ii I I I)c I er i tjiol I s ()II Tores 7ll el Mi wvlii'1i S") I
t 'I.' Valf XJ) - S f orc .4 Val ,,Iil mIjIa rnv f ill Locexp, .t a id Pro, St o re S~ 0- 1,~

Iits totall t '(,ikt ll l tii. .. ;,bI' a5T'(' fe Ii lt i't, i

\I (I . c j I .

S~ ' *.*.*-.~.,, ~ &-~~KC.~ 04

- -, -, .**p 1K ~.---..-. - -. N



Thleorem 2 T~r t in uiotii qture miri for the ai !uq ituqg P wo wi tIiuiit f t f new lmu!

'7 l i ru o;,iip( 2 riak t n yil; that ithi V -c( i sio, tore in le '*)ii, , till~ iiw fut~ll tjtiti ri

VrItl tt' ii"ttltilitv) Ni.tlil Thus.I~t T i Ih fancteional lahgate PET'l in '2iJ. ()ri

I t~ , .J~titj; ) ;~V~j~ ~ji 1lii Wh ic'l t rk hat 2( litlh u l lii Th e t I tl;tv iitl nilt>

It 2JIA t x': t~ ~iwi e ful , t1,('itin ctili('Ctillwe Elkw( n reuttis e pi ()t: l-ike lam.i '('''Ii
2.3.I PiIU,.llvltI geu-~v fpn'i~ (('1 '20'. OurS

3 Halpern-Mleyer-Trakhtenbrot Store Models

F, iin Ile Exa iii le- 1 and 2. alen lr-Tktebrtproposed a f ynxal defin1ition1
'a',~Ipp,)rt o4 a fr inct ion from11 Sto re(' 4It Stores,. Intuiit ively the sii~ptort of a stor te

1I*a;1.fo rna t ion 1) 1 thle set ()f local ions wvhicht p) can read Ior write. In the H .\IT store
i nel '1 U'. Proq i; taken to be the set of p) with fini'te support. To model local variables.
l"i ii~ti(Ii ()f suipport isextended to the ty-pe Loc -+Prog of block bodies regarded as a

f incli f hewir free location identifier, The seniantical space used to interpret such block
11o ('v 01''~ ou_ i again restricted to be the elements in Loc ± -L Prog wvith finite support.

lhiii, are im infinlite llliler of loca tionis. t his les t ricti1011 guaran~ 005 t hat a location
f..: I,i~ wici is 11(t ill the suppm- nt f any given block I miy. Then PIcwal st, ra('ei

: aKfor t huhw begin new .r: hodij end is un11(iuely) d'eterniined I-v uthe rule thatr
1w in to ulocatio not inl the support o)f the funlctionem~t byAh.v oi

'1a m-f ri:16)in 1) E Piug. then any location I ij qitpjmtrt( p) cani be bounid to x. This

ti x lvcroi;vv of the block. lbecalst' 1 by definlitio aiit hig the contents of

%t''tt~ o otf ,ipmprt fb(i- 1block bmav funictionis requiim-(s another illgrc(lielt: locat)onS
'V~lal l, iiztlbythe lown l~ vnIfte arc nither readh nrio- rite --ims

1 Ill !11 K I1)1p)rt 4f thle bloc)(k body. Thus:

Po

W.



Example 3 The bloeks

begini newsr: new y: x 0: y :~0: Q(. y) end

begin new x; new y: x : 0: y :~0: (21 i/.x) end

a Ft HMUT tqauialent.

The ai-wiiinerit for equivalence of the b~lock-, goes briefly as follow,. Lt (q L,
L1 ) - Proq) be the mneaning of the proceduire identifier Q. The dlefinit ion of wI

a iloritn i ili the HMIT model implies that xr andl y ca;n 1he bound1( ini thle bod )()f iiii
;)',),k to cdistiimt locations 1,-.1, Qupport (q ). By dflit ion of sn i )-t, (Iq ca ipii*

I'at ionls njot ill its support, treating theni in a uiniformi way ci,-. Appeia lix A 1. >

store transformations q( lI..l,) and q(l,. l,) agree onl all stores -, with .1 = s(1

-T!,je (,'ions to .-tupport( q)Ujl,, 1y, are the same. Sinlce C077., 71 ts L1  t) ~ita 1'

* Wvioii thc b)lock bodies begin execution -and stack disciphle specifies that the ! . it-

iare vestoreIl to their original value- on deallocation- it follow,, that both bhlocks l Tin
-aneStore transformation as q(l,-. 1.) restricted to qup porf (q).

TIL, HNIT -tore, model wvas claimed to be compiitationially, adequate. but not iecc"..;irilv

fully ah-tract. Its sutccessful handling of Examples 1- 3 is a Consequence of thlefl1wm
-0i1'1c1 resuilt about the frsore"ALGOL-like sublailgiiave wi'thout goto's zAnd( Jluxnp,.
in which procedure parameters are restricted to be of type Val and Loc (essentially thc

linciiaqi, con~zidered in [6]).

ThIeore m 3 The HMT Rtorc rnodcl iM comp utatzonaihy atdcqlta I for all A loov i~ aa-

a'fr a/un .4 other than got() s and Jumrps. It &fudlYly .4 tract wrt to thri i /it

- ~ ~ u .,u;qaacwth an additzonal liv -comabinator.

* i nikheire that wve have been gecnerou s inl o- ir rference>, to thle H NIT tor 1w,(1," a'
v'i' l I [1 0]. since in fact t he construct ion sketched there coit aiiis a serpis t a

urn I" not Imnependently by the secondl author and A. Stougrliton. Inl Appenix1. A I

1;1 is error. and mnoreover dtevelop a methodlology for const ruict ii ipa * 1la .

!);-f~t on H ie not ion of locallx' comp)lete p~artijal ordlers ( lcpo*s, Thus. Thl(icn ni fi 11)

t !, -,i rect I~ HNIT store model,

W- ctatisiVlI sonme secol 1-order examples.

* UK ~Fx a ip Ic 4 The Uioclk bI hloa alwa!1.4ier~s

d6
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begin
iew\' ,r: new y:
procedure Twice: begin 1 := 2 • coni7it.,) end:

a' 0,'.y 0:
Q( Twice); % Q is declarcd ,sl wh,,c
if coltcntq(.r) 0 0 then diverge fl

end

Tw) ad(litionail reasoning principles about support which hold in the HNIT-model ( cf.
Appendix Ai. arise in handling this example. First, in reasoning about program text in
thr scope of a local variable declaration new a'. we may assume that the value of a' is
any C( nvenieiit lhcation not in the sup)p)ort of (the values of) each of the free identifiers
in the scope of the declaration. Second. we always have support(Q(P)) g support(P) U
.suipport(Q). Now clearly. saupport( Twice) = {y}. Since x is free in the scope of the new y

*i declaration, the first principle applied to y implies that x and y denote different locations.
_2O .r q s pport( Twice). Since Q is free, a' V support(Q). By the second principle. we may

- now assume x' V support(Q( Twice)). Hence, we may reason about the call Q( Twice) in
Exianiple 4 exactly as we did for the call P in divergent block of Example 2.

Unfortunately the HMT model does not handle all examples with second-order procedures,
is the following elegant counter-example pointed out to us by A. Stoughton makes clear:

Example 5 The block below always diverges.

begin

new ,:
procedure Add_2 % Add_2 is, the ability to add 2 to x

tbegin ,x := content (x) ± 2 end
' 0:

, Q( Add_2 %6 Q is declared elsewhere
if contents(x) mod 2 = 0 then diverge fl

end

T111' 1,1 wk in ExampIle 5 does not diverge identically in HMT because Q might denote an
,l-,iie, t q (7 Pr,,y -'-Prog such that q(p) is a program Which sets to one all locations writable
I,,v p. Such a q exists in the HMT model because it is continuous (in the MIT sense. cf.

A pp)eii(lix A) and has empty support. However, Block 5 i- observationally equivalent
c r ,, (,: Q h, no independent access to the local varial)le x, so the only ability the

1 n Q( Ad((1_2 ) has relative to x' is the ability to increnent its contents by two. Since

'1

'4

-,7
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co a t11 t.4 x is an even integer, namely zero. lwf re executi(o ))f t i. prograii, it vi' i:
be even if anil when the program terminates, so the condit ionial test will siccecd am i '
(livergence. Thus we have

Lemma 1 Block 5 is observation ally coYgrttent to diTqer., lt_ not for - ,IN to di 1'q", iN It
HALT store model.
H°':.c:

fheoreni 4 Tb, HMT model is not fully abstract evet fir P it k t, royra m. m o., i I tit

1/111"0 c"alls take parameters only of program type.

failiure of full abstraction for the HMT store model is particularly inter.tilni" lPi,,'i..h
-rP i;alise the model is a good one. In particular. the various rules and sy7, tenis prop esad

ill the literature for reasoning about procedures in ALGOL-like languages are all sound for

the H\IT model (insofar as they are sound at all. cf. [14 ] . It follows thlt the div,'rnerie,,. I
,Of Block 5 (and perhaps Block 4 too) is independent of the theorems l)rovahle froii ,tliher
proo, f systems in the literature including [28,10125,17,16.11,24]. Reynolds' slecific;tio,

i, 21.23] is shown in [26,27] to be intuitionistically sound using a functor category
,. ncs: it is not yet clear how the semantics and logic of [27] handles these exallhls.

4 The Invariant-Preserving Model

IT. order to handle Example 5 we must know that every procedure Q of type Progq-Pro,
presi.r,,es, ir.oarzants outside its support. This is expressed prciscly 1y the followi r la-

,( ,ig principle

Let Q be of type Prog---Prog and P of type Pro.q. Let r 1 m, a property of
"' ..tmye such that support(r)flsupport(Q) = 0. If r is an inar'ianlt of P. th,1n

i- also all invariant of Q(P).

- il. principle implies divergence of Block 5 because. letting r 1b e ,IIinI1 1,v fi ri ;,
e ,,ir at . ix) o = 0. we see that support(r) = {x) and r is an invariant ,f .Add-_'.
.1,.[ i,' thc ,1ock we may assume that :r .support(Q). and so the prinilpih ilniic, i h i tr
is als o an invariant of Q(Add_2). Thus. the conditional test fillowing tlie call Q( Ad,/ 2,

• ,,ifl , u -ced leading to divergence.

I. ,,t V reasoning principle is valid in the Invariantf-Preserving ii del (, Ap npendix Ai.

Atlially all tl previous exaliipls are handled successf illy 1,v this mnodel ;as a ,'
, tiw folhowiig general result.

S$



An l -\ o0 -liko ter oli sai(l to (,)h clos d Iff it, ()Il.\ flot. i(l t ii arc' f t v w LO( A

iN11111tcs is S.ald to he !;o.f-full absti;2 foi- a laiuiiangc I 'ilt ic(:V11v wtj c two)

Terils. rleof w, Acoin ideswit obsrvdit n~t (,() , I I p I I:

1'lorow the I) ASf itV) I4i.t. i~~tai hy ill( c-~on /itin tlal\ thato elc l Iiiten ;I,

Iii ni Clii .) Y1h Iii i'iiuiil- 7so rv/'I q Wodr I is () "1 fltl ott a11 Ily a !(tUa> t jfi, fr 1/nf ]',i11 nrj

1 L0  [a up . 171t 110l N (1U d~t1i Ui v V-0011117; 1 tu . I )sJ .' r') '0 1

~~~f(I if 10 /?1(.' O N( ( 7 .q 15 Iuuud -f'1l1ll abi1 rft t rw t to /I(1 ' S A .'O ,~l.

Ii) c l v ( ).\Ot I -P e r-v Oi', Nlo1l, i ld,- C01,7O 't ;ts Nv0 (is u te T 'o\:v ~lI 111() I oi

11<TI(a tol, variii I't Note t hat the test x .r 1 uw ii1(licates equality of locatl lds.

* ~ . ~ 'thanl their conojtents.

* . E xamnple 6 Th, blok

b egi n
new xi:

procedure AlrioqtAdd_2(z),
ebegin if a' then x :=1 else ra'ouei ~) + 2 fl end:

0.r
JPhA litos [Add1)
if coijt ul,q s(a) inod 2 0 ( thlen ii If rJ0 fl

eii c

1,11 folh '\vilii ,x;IIpl(, illus trtes faillure ()f fill] abstrac'tion in th ill jiiPe~r\i

Example 7 The 1)100k

begiii nlew x': procedure Addi : begin .r :~c07ovints(xr) + 1 end& P( Addi1- enid

1, W I'll/, boluO/l!! (:ul rrf1i[ tIb [ Ne ock

I) gii nom . r: pro cedureI' Ad1d-,2: begin xi :o07d . n ts ( .r) ± 2 end: P( Add12 ) end

L < ~~ ~% s, - %



Ex:Ililpll T do iia't cuiilhle p to real crr '.r . ll ' 1 c'I1111~1>P.4'

p 7~~~~.1111-,!2) P dift'r ()Illy III thi elI Cffect 7)1 x. Sin~ce x I ill:'11071777'l (71 717,7iI'.r

Lemmvia 2 FhtP\l .L/i ul', il Exam pl, 7 (/, ,rct7lu'/ 7JU /

' ,'7 t',, (Ii>; 7{lLZ tCl I ll 71 Ie' III I'(U'IU (It- Pre..r' / AIf77'

11 ' 111 LI .* lac p of jril Ile t1tha 1)h't'1\rV7 tI(I ()I 71tc 4 1V7' '. I lc 177 1(1 I 1
71)-7rvaiolal ciiglibt' argumlent. 'Fil, reade~r n11KV ('lrit to ii'1i .

.~Conclusion

-;C C7 >l ia series of simlple examples illustriat ni(w7 101Ab Olut bloc)(k > '

Ii )t f theSe pi iciples have nle\er been St ated '!I tilt' literature, let a1L)1 71w

- ': ' '' -'7:1:' TF ertablili , tilidness we c7)115ti-me e a series of models for A -0..

Ti- Iil machiniery for c juist ruct lug the niodels b)ased on lcpos)-- is sket ch A1

* . A pii lix A. It merit- (let ai i d (liisusilori which hWlave h ad to fo-reg-o liec Tle lw7

S' ,,It1, jstill not fully ahlst ract for PA SCA1-Ilike 7 1 mlaiqpuioges. bult \V7 are W11

i'1.. 7''o 7 ji Nv1 extuend to thscase. nlo rea'son wI1vmi pl(;~

Il i (,xtuliid to thie full range of ALGOL-like features, but it would be premnlatilire to

''Tillf.' ha full abstracotion ca~n he achieved this wx'

;1 .:1 Rcvynods [22. iS. I have also developed mm 77171> of ALGO 0L- like 'io' u

C;' i' 711 fi amnework. They (1o not considler comilllltaioilal adle-jimey o)r f~lill VI~771

7, ~ ~ii.Tfeimnt 11'7 informned u ii prtti7 cliulcti)Ita i

>7 1vnhls( le ftiictor (aItegor eiy i~i' c(Q 'rretlv hanmdles ENxaiip1j' 's 1 aul 2.

7 . ,'7'7I11I11ltWtC'IL tli'ir approach andlk 0711' L>et o he \vorkl(1l (t. Ac tiiallv oi

* . .:7.;1:1 also 1w seen'1 fioimi a categorv terIi.vi''wpoimlt anl 1 p7 I, 17fu17 fi .711

:77.i:.'1 Ve1idtex set to the ca1tepory 4f ep7.1,1171 theloclltit1ioi 'lici 1

.................1')libt 1ot exactlyv, niatuiral traiisforlutl7:p betwee lt fict:l Li

1 .l 4 foundl~ this viewpoinit l'aia (71i.

I~ ~ etIces

1 ) 17! \ ~i. N iill J711. Lf- C. F(\i 2l i .iil~ 7711771> fl , I l it , A1; ,~1 1'L7 71 '

N 7~ lv.l (a;b1g IJ C. 1 >7>'>" ~t) 19 .1 lfll. /
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A Appendix. Locally Complete CPO Models
,, cl>'s .. B. we write .4 < B to indicate that .4 is a strict sub-cpo of B. i. ... 4 is a

"st 1), ( of 13 ai(l €- .4.

Definition I Li [. <) fit, o drcctd 4t. An I-Icpo i, a partially ordcrt:d ,0,t D DU , D
1.4 (/, erit "). whrr. D re, tricted to D, is a cpo. and Di < D, wl;en r e i

.. t',ollw; from t his (lEflition that ID., -2-8 for eveyi I C I.

Definition 2 Let D and E be 1-lcpo "s. For f D-S.+E, let f, denote the restriction of .f to
D_ a,,/ dfi,,e

'4'..(D-E), = f. D--'E If, D,--LE, for alldj > i}.

Tb a D 2 E UIEI D--l E), is called the set of locally continuous ftnctiovs from D to E.

Lemma 3 D-E, partially ordered pointwise, is an I-lcpo.

Lemina 4 Every locally continno as fUnction on an I-lcpo D has a least fixed point. which
is ,harae trized as utsual.

Definiition 3 Let D be an I-cpo and i E I. An n-ary relation R on D is called i-
admissihle, if R(d.... , d) holds for every d E Di, and the restriction of R to the cpo Di is
",issible for every j E I.

Definition 4 A tag set over I is a set K such that every k C K has an associated number
a, ,, > 1. anad downward closed set. down(k) C I.

Definition 5 Let K be a tag set over I. A K-relationally structured I-lcpo (short: (I. K)-
irIpo ) i ar. I-Icpo D with, for ,ach k- C K, an nk-ary relation Rk on D. such that I. is
-i-(.,'Irai.ssttl for ever!l i E dow ( k).

F, a - D .S C E" w, let R -, S denote the lifted relation on D --+E defined by

,?-. St ... .. f,, iff V 11, d,. R(dl,...,d,) =: S(f 1 (d,) .... f,(d,.
)efinition 6 Lt D. F 1W I.J')-rcpo's. For every define

;5". ,DZF D--- {tE). I (R D --  
kD-' { E ' R ')(f ... f) whenever i o deo,,ia' }.

"", ,, -' E ,( D-- E ), . ,alld the set of relation preserving function.s from D to E.

13
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Leui-ia 5 D--+E, partially ordered pointwiqe and K-rtlationally tructured bl f fi -

,tr.q tiuns of) the lifted relations R"'DE = (R R ii an (IK)-rcpo.

Theoreni 6 The category (I, K)-RCPO. whose objects are (I. K)-rcpo *, ad who-,,L, P,

pluisms are relation preserving fanctions. is Cartesian closed. Hence. if ci', rq 9r,,i/d ,/p,

i.4 itrpreicd as4 an (I. K)-rcpo. and D"-" is defined iriductit'ely to 1 DtD - I//

-{D-} is a model of the simply typed A-calculus. In this triodcl. the meaniIiq ,,f ally 1,,,7,

S.\-tt rm of type r is contained in D[ for all i. Hence there is a lea.t fixed poi pt1" toe

for ,ach type r, which is contained in D!r - r) - r for all i.

Lemma 6 Let D'} be an repo-model as in Theorem 6. Then R(d . 4) hold., for all

"% d E D[ whenever i E down(k), and if i,j < h. then D[ 1 " (D" ) C D h2 for all typo-., 71. ,,.

A first application of Theorem 6 leads to a repaired version of the Halpern-MIeyer-Trnklitiilrot

=m , lhl. Naniely. let Perm(Loc) be the set of strict permutations ft Loc--"Loc-. and

for ,very p E Perm(Loc), let Fix(p) denote the set of fixed points of p. Further let

fuo ,r L,,+ Val, and for every L C Loc. let =L be the binary relation on Sturc.s.

-I, S2 iff S1 82 V (,'I I1~s A 'V1 E L. 81(l) 2(l))

.-" Dtflniition 7 Let I = Pfi,(Loc). Let I = Perm(Loc), and for every p e- K. let ,, 2

-,,, ,,,,n~ I = {L IL C FiX(1 i)}. Then the HMT Store Model is defined by grounid typr

D = Val_,
D L U{f -L

D{f Stores - + Vat L± VSI 2 . 1 L S2 1 f(s,) = f(s2)}

D{f Stores --+Locj (Vs. f(s) E LU{IL ) A VI..s2. s, =L * " .f(.i ) f(., )}I

0 D '' {f Stores* Store,, I (Vs. f(s) : I .o-L f(s)) A

*VS 1 , . -41 =L 82 :~'f(,) =1 ('

/a 1 to,, au nully rtructured by

R" (11, 12) iff '(= 12,
R " ,xP (f. f2) iff V.t f,( l f)2

IRLtx (.fl,.2) iff V- , (S 1, ) . ,(f2(s)).

StProg (ff) iff VS. - fi 0/)1 f2(." ) o.

14
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By Theorem 6 this defines a model of the simply typed A-calculus. It turns out that for
e-erv element d C D' there is a smallest set L such that d E D". This set L is called the

lsupport of d. Theorem 6 then implies that all pure X-terms have meanings with empty

support and Lemma 6 implies that support(d(d 2)) 9_ support (d1 ) U support(d2 ) always
holds.

The definition of the model captures several aspects of support mentioned earlier. In

particular for every element d of type r in the model, R'(d, d) holds by Lemma 6 whenever
support(d) C Fix(p). This expresses the "uniformity" of d on locations outside its support,
which was important in Example 3 and is crucial for defining the semantics of the New
con lbinator.

Finally, the "'intended" interpretations, namely, interpretations which guarantee compu-
tational adequacy, must be proved to exist in the model for all the ALGOL constants. An
example is the combinator Assign of type Loc--+ Valexp--+Prog, for interpreting assign-
nimont. whose intended meaning is the function

s [f (s)/l1if 1$ .L, f(s) #L,
assign(l)(f)(s) fJ-± otherwise.

It follows from the definitions that assign E Do- ; in particular, it has empty

suport-.-as do all the necessary combinators. So we can define JAssign] = assign in the
model.

The combinator which causes the main semantical problem is New of type (Loc -- Prog) -- Prog
used to explain the semantics of block structure by translation into A-calculus:

Translation(begin new x; Cmd end) ::= (New (Ax:Loc. Translation(Cmd))).

The definition of [New] follows [10]; we omit the details here. This completes our summary

of the HMT semantics.

Proof Sketch for full abstraction part of Theorem 3: Adapt the ideas of [20] to
locally continuous models. Every element of a local cpo D' (where r is first-order) is the
lib of a directed set of finite elements in D', and these finite elements are definable by
clo:sd ALC;OL-like terms. Local continuity then implies that two semantically different

phiases can be distinguished by choosing definable objects for their free procedures. This
11mije, s that they can be distinguished by a program context. 0l

A further application of Theorem 6 leads to the Invariant-Preserving Model. For every
L C Loc. let Prd(L) be the set of predicates on steres which only depend on L. anwly

. Ir'ed(L) = Store.,t {true, false} Vs,1 ,s 2 E Stores. s, =L >2 (>r(s,)

15
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Definition 8 Let I= Pfi(Loc) and K Perm(Loc)U {(L. fl) I L G I and II C Pruli L}

F., 4: A I, t ii,, = 2 and down(p) ={L L C Fix(p )} as iv tht HMT model (Def. 7). Fr

i. I- i . "t ?(L.[i) = 1 and down(L, rI) = {L' Ln'= 0}. The Invariant-Pw'erviii

, , a u dtfiir d b!/ the same grot arid t ilt: lcpo'.q a.s th e fM T wod 1. r lat u i, i Ilj

I2 as in D'f. 7. f,,r all yropumid t9.pf's -.

/: ./, i." V.i. 7 ,A .(. ) f _) = ( .f(. . 1.'.. ' / V ( I - . l, invai;jjt ,If

I; trt. fur ie other 9rtOUVnd tpe.) .

. . e ' a iiiode! of t he sinply typed A-calculus, in which all A . , co)I st it ants caii be

'_'i' !Ieir ni i (tel(1d int erpret ati ois and inI which support(d) can be defilnd as the sniial.>t

-'Ir L uch that d E D7. It has the additional property that R',,, (d) holds \wV,.IL (L,/K [ - fpo! ed) - 0. A particular instance of this property is:

Let q be of type Prog--,Prog and f of type Pro,. If 7 Pred( Loc -

) no ,t (q)) is an invariant of f. then is also an invariant of g(f).

"..I i:, ),' ,ig 1)g l1-iilc I)]( which we have applied to Examt)pe 5.

7, half-full abstraction inl Thcorem 5 because, in contrast to the first-(orler

-".. ;,I!. al' iti~ient d E DL (where r is a PASCAL procedure type) is not necessarily

Il ' a l,,, of leinable elements in D' but is only bounded above by such an llb.

-i Cambridge, Massachusetts. US.A
October 20, 19S7
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